1. Introduction {#sec1}
===============

For applications in tissue engineering bioactive glasses are being widely researched due to their bone bonding ability as well as osteogenic and angiogenic properties \[[@bib1], [@bib2], [@bib3]\]. By using the foam replica technique, bioactive glass based constructs can be fabricated which exhibit the basic characteristics required for bone tissue engineering scaffolds, e.g. interconnected pores and high porosity (∼90%), osteoconductivity and temporary mechanical stability \[[@bib4]\]. However, bioactive glass based scaffolds can be further functionalized to achieve higher mechanical stability, particularly toughness, and to provide drug-delivery capability \[[@bib5], [@bib6], [@bib7], [@bib8]\]. Synthetic and natural polymer-coatings come into operation to increase mechanical stability and serve as carrier matrix for the local release of growth factors or antibiotics to support bone tissue formation \[[@bib8]\]. Usually, bone morphogenetic proteins (BMP), and other growth factors such as TGF-β, IGFs or PDGFs are used for the functionalization of scaffolds \[[@bib9],[@bib10]\]. However, there are some limitations associated with the use of growth factors due to their rapid degradation during processing and relatively high costs \[[@bib11]\]. Alternatives to the use of growth factors are being sought for example focusing on biological active ions \[[@bib12],[@bib13]\] and natural biological agents (e.g. phytotherapeutics) \[[@bib14],[@bib15]\]. An inexpensive, highly abundant alternative is the flavonoid compound of *Epimedium sagitattum*, a traditional Chinese herb, which has been used for the treatment of fractures, bone and joint diseases for hundreds of years, known as icariin \[[@bib16]\]. Studies have shown that icariin is capable of accelerating cell cycle and promoting osteogenic differentiation of bone marrow stem cells (BMSCs), furthermore it enhances mineralization and promotes bone defect repair \[[@bib17], [@bib18], [@bib19], [@bib20], [@bib21]\]. Additionally, icariin has neuroprotective, cardiovascular protective, anti-cancer and anti-inflammation effects \[[@bib22]\]. Icariin has been combined with gelatin/hyaluronic acid composite microspheres \[[@bib21]\], with porous PHBV scaffolds \[[@bib18]\], chitosan/hydroxyapatite scaffolds \[[@bib19]\] and, more recently, with bioactive glasses \[[@bib23]\]. In this study icariin is considered for the first time in combination with gelatin/bioactive glass (45S5 composition) based scaffolds.

The relative efficiencies of different gelatin crosslinking agents, namely caffeic acid and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC)/N-hxdroxysuccinimide (NHS), are investigated and the mechanical properties, bioactive behavior and drug release capability of the different scaffold types were considered. The main goal of this study was thus to investigate the double function of gelatin coating on BG based scaffolds, namely achieving improved mechanical properties and providing a suitable vehicle for the delivery of icariin.

2. Materials and methods {#sec2}
========================

2.1. Chemicals and reagents {#sec2.1}
---------------------------

As scaffold material 45S5 bioactive glass (BG) powder (chemical composition: 45 wt% SiO~2~, 24.5 wt% Na~2~O, 24.5 wt% CaO and 6 wt% P~2~O~5~) \[[@bib4]\] (particle size ∼5 μm) was used. For the foam replication technique, polyurethane (PU) foam, supplied by Eurofoam (Troisdorf, Germany), was used as sacrificial template and icariin was obtained from Changsha Herbway Biotech Co. Ltd (China). Gelatin type A from porcine skin (∼300 bloom), type B from bovine skin (∼225 bloom), 2-(N-morpholino) ethanesulfonic acid hydrate (MES), N-hxdroxysuccinimide (NHS) and caffeic acid (CA) were obtained from Sigma (St. Louis, MO, USA). Phosphate buffered saline (PBS) tablets were purchased from VWR Life Science AMRESCO (Cochran Road, OH, USA) and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) was purchased from Merck (Billerica MA, USA). All other reagents used were of analytical grade.

2.2. Scaffold fabrication {#sec2.2}
-------------------------

All scaffolds were fabricated by the foam replication technique as described by Chen et al. \[[@bib4]\]. Briefly, a slurry was prepared by dissolving 0.136 mol/l polyvinyl alcohol in DI water at 80 °C. After cooling down, bioactive glass powder was added up to concentration of 50 wt%. The slurry was mixed for one hour and vigorous stirring was carried out by using a magnet stirrer. Cylindrical polyurethane foam samples, which served as sacrificial templates, were immersed in the above-described slurry for one minute, were then retrieved and the extra slurry was squeezed out. The immersed foams were dried at 60 °C for one hour. The procedure was repeated two more times to obtain triple-coated green bodies. Then heat treatment was applied as follows: to burnout the sacrificial templates, samples were hold at 400 °C for 1 h, subsequently, sintering was carried out at 1050 °C for 2 h. The heating rate was 2 °C/min in both cases. After sintering, the furnace was left for natural cool down.

2.3. Coating procedure {#sec2.3}
----------------------

Uncoated scaffolds were used as reference. In general, coating of scaffolds with gelatin was executed as described by Metze et al. \[[@bib24]\]. Here, the scaffolds were immersed in the respective solution for 30 s, retrieved and then rolled over a tissue paper to remove excess solution. The so-coated scaffolds were left to dry at ambient temperature in air for at least 24 h.

### 2.3.1. Gelatin solution (G) {#sec2.3.1}

Gelatin type A and type B, respectively, were dissolved in DI water at a concentration of 7.5 wt% under vigorous stirring at 40 °C by using a magnetic stirrer. If gelatin type B was used, samples were labelled as GB, whereas gelatin type A samples were labelled as GA.

### 2.3.2. Crosslinking with caffeic acid (G/CA) {#sec2.3.2}

For the crosslinker solution, caffeic acid was dissolved in DI water in a concentration of 20 wt% and the pH was adjusted to 9 by adding 1 M NaOH. This stock solution was stirred for at least 30 min. Separately, a gelatin solution prepared as mentioned above was set to pH 9 prior to adding crosslinking solution to a ratio of 1.5% w/w (related to dry gelatin). The procedure was adapted from studies of Zhang et al. \[[@bib25]\] and Kosaraju et al. \[[@bib26]\].

### 2.3.3. Caffeic acid crosslinked gelatin loaded with icariin (GA/CA/I, GB/CA/I) {#sec2.3.3}

Icariin was dissolved in DI water to obtain a 2% (w/v to gelatin sol.) solution under vigorous stirring for several minutes. Gelatin solutions with gelatin type A and gelatin type B, respectively, were prepared as mentioned above and the icariin solution was added. After stirring for several minutes, the crosslinking procedure was carried out as described above.

### 2.3.4. Crosslinking with EDC and NHS (G50, G100) {#sec2.3.4}

For the crosslinking with EDC in combination with NHS, MES was dissolved in 40% ethanol to create a 50 mM stock solution (pH 5.5) first. By adding different amounts of EDC and NHS (50 and 100 mM) (EDC/NHS, 1:1) to the MES solution, two different crosslinking solutions were prepared. The mixtures were stirred using a magnetic stirrer until completely solved. To carry out the crosslinking process, the gelatin-coated BG scaffolds were immersed in the prepared solutions and put in the refrigerator at 5 °C for 4 h. By suspending the scaffolds in a 0.1 M Na~2~HPO~4~ solution for 2 h, the crosslinking reaction was stopped. The samples were then extensively washed several times with DI water and left to dry for 72 h at ambient temperature \[[@bib27], [@bib28], [@bib29]\].

### 2.3.5. EDC crosslinked gelatin loaded with icariin (G + I50, G + I100, G50I, G100I) {#sec2.3.5}

To load the bioactive glass scaffolds with icariin, two different procedures were conducted to examine the effects of loading the drug before or after crosslinking. For the first method (before crosslinking, labelled *G*+), icariin solution was directly added to gelatin solution as described in section [2.3.3](#sec2.3.3){ref-type="sec"}. Then the coating and crosslinking procedures were carried out as described above. In the second method (after crosslinking), an icariin solution (2 wt%) was prepared by dissolving the powder in DI water. The coated and crosslinked scaffolds were then immersed in the solution for 1 h, extracted and left to dry at ambient temperature.

[Table 1](#tbl1){ref-type="table"} shows a summary of the scaffolds finally prepared.Table 1Overview of all produced samples. (BGS = bioactive glass scaffold, icariin added b = before and a = after crosslinking).Table 1LabelDescriptionCrosslinkerRatioIcariinuncoatedUncoated BGS------GGelatin coated BGS------G50Crosslinked gelatin coated BGSEDC/NHS50 mM--G100Crosslinked gelatin coated BGSEDC/NHS100 mM--G + I50Crosslinked gelatin coated BGS, IcariinEDC/NHS50 mMx (b)G + I100Crosslinked gelatin coated BGS, IcariinEDC/NHS100 mMx (b)G50 ICrosslinked gelatin coated BGS, IcariinEDC/NHS50 mMx (a)G100 ICrosslinked gelatin coated BGS, IcariinEDC/NHS100 mMx (a)G/CACrosslinked gelatin coated BGSCaffeic acid1.5%--GA/CA/ICrosslinked gelatin (A) coated BGS, IcariinCaffeic acid1.5%x (b)GB/CA/ICrosslinked gelatin (B) coated BGS, IcariinCaffeic acid1.5%x (b)

2.4. Characterization {#sec2.4}
---------------------

### 2.4.1. Scanning Electron Microscopy {#sec2.4.1}

The morphology of the scaffolds before and after immersion in SBF for 7 and 14 d was determined by Scanning Electron Microscopy (SEM) (Zeiss Auriga 4750). The scaffolds were fixed with conductive silver and sputter coated with gold (Sputter Coater Q150 TS).

### 2.4.2. Fourier transform infrared spectroscopy {#sec2.4.2}

Fourier transform infrared spectra were obtained using FTIR Spectrometer (IRAffinity-1S, SHIMADZU, Germany). The data was recorded for samples immersed in SBF for 0 days, 7 days and 14 days in the range of 1700--400 cm^-1^ with a resolution of 4 cm^-1^.

### 2.4.3. Mechanical properties {#sec2.4.3}

The mechanical behavior of the cylindrical scaffolds (diameter = 16 mm, height = 12 mm) was analyzed in compression using a universal testing machine (Zwick Z 050) at a crosshead speed of 5 mm/min with an initial load of 0.1 N. The load cell used was of 50 N for uncoated and 1 kN for coated samples. The test was conducted for five samples of each scaffold type.

### 2.4.4. Drug release studies {#sec2.4.4}

To study the released amount of icariin, 3 scaffolds of each sample type were submerged in 5 mL of PBS and incubated at 37 °C. After 0.5 h, 1 h, 4 h, 6 h, 24 h, 3 d, 7 d and 14 d, and additionally 22 d and 36 d for CA crosslinked ones, the PBS solution was extracted from the sample container and stored at ambient temperature. The containers with the samples were refilled with 5 ml of fresh PBS solution immediately and put back into the shaking incubator after each time point. The icariin concentration released from scaffolds was measured by UV--Vis-spectrometry (Analytic Jena, Specord 40) at λ = 270 nm.

### 2.4.5. Assessment of bioactivity in vitro {#sec2.4.5}

The in vitro bioactivity (or surface bioreactivity) of scaffolds was tested following the standard procedure described by Kokubo et al. \[[@bib30]\]. The scaffolds immersed in 50 mL simulated body fluid (SBF) were placed in a shaking incubator at 37 °C for 7 and 14 d. Afterwards they were washed with deionized water and left to dry at room temperature for at least 3 d prior to FTIR analysis and SEM observation.

3. Results and discussion {#sec3}
=========================

3.1. Scanning electron microscopy {#sec3.1}
---------------------------------

SEM images confirmed the highly porous structure of the BG scaffolds exhibiting interconnected porosity and pore sizes ranging from about 300 to 500 μm.

[Fig. 1](#fig1){ref-type="fig"} shows scaffolds coated with EDC/NHS-crosslinked gelatin (type A). It should be noted that all samples, regardless of the used type of gelatin or crosslinking agent, were successfully covered with a well attached and smooth gelatin layer ([Fig. 1](#fig1){ref-type="fig"}a). However, it can be seen that some pores are clogged which can probably be attributed to the removal procedure of excess solution by simply rolling the specimen over tissue paper. For all samples immersed in SBF for 7 and 14 d, cauliflower-like shaped structures ([Fig. 1](#fig1){ref-type="fig"}b) could be detected, which indicate the formation of hydroxyapatite (HA), as expected.Fig. 1SEM images of gelatin (type A) coated scaffolds crosslinked with EDC/NHS: a) struts of a scaffold coated with gelatin, b) cauliflower shaped structures indicating HA formation after immersion in SBF for 14 d, c) icariin particles situated on top of gelatin coating, d) plate-shaped morphology of HA particles after immersion in SBF for 14 d.Fig. 1

[Fig. 1](#fig1){ref-type="fig"}c illustrates a specimen where icariin was loaded after crosslinking with EDC. Apparently, the icariin particles (formed by agglomeration) are not incorporated into the gelatin layer. Instead, they are mostly situated on top of the gelatin surface. Based on this observation it is likely that the formation of the HA-like layer is affected by the presence of icariin in the SBF solution after immersion. The HA particles after 7 or 14 d show plate-shaped morphologies as presented in [Fig. 1](#fig1){ref-type="fig"}d, which can be attributed to the icariin content. These results evidence the stimulating effect of icariin on HA formation and are in good agreement with findings from Zhao et al. \[[@bib16]\].

3.2. Fourier transform infrared spectra {#sec3.2}
---------------------------------------

In [Fig. 2](#fig2){ref-type="fig"}a, the FTIR spectra of the different uncoated and gelatin coated samples can be seen. Each spectrum exhibits the characteristic absorbance profile of BG by showing the main absorption bands at 1024 cm^−1^, which is attributed to Si---O---Si stretching mode, at 926 cm^−1^, which is attributed to Si---O stretching mode and at 480 cm^−1^, which is attributed to Si---O---Si bending mode \[[@bib31]\]. Additionally, the FTIR spectra of gelatin coated and crosslinked gelatin coated samples demonstrate the typical amide bands at ∼1630 (C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O stretching), ∼1540 (N---H deformation) and ∼1250 (N---H deformation) cm^−1^, corresponding to vibrations in amide I, II and III bands. Additionally, the bands at ∼1380 and ∼1440 cm^−1^ are characteristic of amino acids in the gelatin structure \[[@bib32]\], \[[@bib33]\]. The presence of caffeic acid and icariin is not evident in these spectra.Fig. 2FTIR spectra of uncoated, gelatine coated, gelatine crosslinked with caffeic acid coated and icariin-gelatine (A or B) crosslinked coated BG scaffolds before (a), after 7 days (b) and 14 days (c) immersion in SBF.Fig. 2

The FTIR spectra of uncoated and coated samples immersed for 7 ([Figs. 2](#fig2){ref-type="fig"}b) and 14 ([Fig. 2](#fig2){ref-type="fig"}c) days in SBF indicate the formation of HA by a peak appearing at 1036 cm^−1^ corresponding to P---O stretch of a phosphate enriched layer. Additionally, the vibrational band between 850 and 900 cm^−1^, corresponding to C---O stretch of CO~3~^2^-, and bands at ∼600 and 563 cm^−1^, corresponding to P---O bending of PO~4~^3−^, can be detected after 7 and 14 days in SBF \[[@bib24],[@bib34]\].

According to [Fig. 3](#fig3){ref-type="fig"}, the results obtained for gelatine coated BG scaffolds crosslinked with 50 mM and 100 mM EDC are similar to the ones obtained from samples crosslinked with caffeic acid. The same characteristic peaks for BG can be found in [Fig. 3](#fig3){ref-type="fig"}a. Moreover, as already found for caffeic acid-gelatine coated scaffolds with and without icariin, the presence of EDC and icariin cannot be clearly detected. Additionally, according to [Fig. 3](#fig3){ref-type="fig"}b and [c](#fig3){ref-type="fig"}, the characteristic peaks indicating the formation of HA can be detected after 7 and 14 days in SBF.Fig. 3FTIR spectra of uncoated, gelatine coated, gelatine crosslinked with 50 mM or 100 mM EDC coated and icariin-gelatine (A or B) crosslinked coated BG scaffolds before (a), after 7 days (b) and 14 days (c) immersion in SBF.Fig. 3

3.3. Mechanical properties {#sec3.3}
--------------------------

[Fig. 4](#fig4){ref-type="fig"} shows typical force vs. displacement curves in compression of all types of scaffolds. The highly scattered curve at the bottom is characteristic for uncoated BG scaffolds \[[@bib4]\]. Due to their brittleness, the samples collapse almost instantly under load and reach maximum compressive strength values of 0.1 MPa. The scattering arises from the continuous fracture of individual struts during the test. The compressive strength as well as the work of fracture (related to the area under the curve) increased drastically when the scaffolds were coated with gelatin. Independently of the used crosslinking agent, the maximum compressive strength reached values in the range 1.8 MPa--2.9 MPa for all samples with crosslinked and uncrosslinked gelatin-coating, indicating a significant improvement of the mechanical property over the uncoated scaffolds. The increase of the mechanical properties of brittle scaffolds with the application of polymer coatings has been previously discussed in detail \[[@bib7],[@bib8]\]. A crack bridging mechanism is likely active, which leads to an increase of the work of fracture, with scaffolds becoming more resistant to catastrophic fracture under loads.Fig. 4Force vs. displacement curves of coated and uncoated scaffolds crosslinked with a) EDC/NHS and b) caffeic acid.Fig. 4

3.4. Drug release {#sec3.4}
-----------------

[Fig. 5](#fig5){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"} show the release profiles of icariin from different scaffold types. An initial burst release after the first 6 h of incubation can be seen for all systems and this result can be attributed to the release of superficially entrapped icariin as swelling of the gelatin coatings occurred, which has been reported in literature \[[@bib19]\]. For *G50I/G100I* scaffolds ([Fig. 5](#fig5){ref-type="fig"}) this release mechanism is preferential as icariin is only attached to the surface due to the fact that it was loaded after crosslinking and hence a great amount (0.35 mg/ml) is released after only 0.5 h in a bust release manner. In comparison, scaffolds loaded with icariin before crosslinking show a more sustained profile as released cumulative concentrations are significantly higher after the initial stage. The overall significant lower values can be explained by the unintentional release of icariin during the crosslinking process. In contrast, [Fig. 6](#fig6){ref-type="fig"} shows release profiles and maximum released concentrations for CA crosslinked scaffolds much higher than for EDC/NHS crosslinked ones, namely ∼2.00 mg/ml versus ∼0.45--0.7 mg/ml. Furthermore, CA leads to an interference with drug absorbance. The CA "release" reaches a maximum at ∼0.8 mg/ml after 14 d, from which no significant cumulative amount of CA is further released. However, release profiles for the icariin loaded scaffolds *(GA/CA/I, GB/CA/I\*)* still show an increasing trend. Hence, the individual values of released concentration cannot be assessed (due to interference with CA). Nevertheless profile trends can be interpreted qualitatively. After the initial stage, both profiles for *GA* and *GB* increase steadily to a much higher maximum concentration than the concentration released in the initial stage, whereas *GB* reaches a maximum after 14 d and *GA* not until 36 d. This result may be attributed to different electrostatically interactions between gelatin type A and type B, respectively, with icariin, referred to as polyion complex in literature \[[@bib35]\]. The slower release rates of all samples after the initial stage can be associated to slow diffusion processes and/or gelatin degradation after the swelling equilibrium is reached \[[@bib19],[@bib36]\]. The obtained results for the release behavior of *G+* scaffolds and CA crosslinked ones show a sustained release of icariin. After an initial burst release, release continues with decreasing release rate, which is likely due to a change of the release mechanisms. More work is required to investigate the release behavior of the different scaffold types, especially considering also the possible effect of HA formation on the sample struts on the long-term icariin release kinetics. Indeed the long-term icariin release behavior will have a complex dependence with the characteristics and degradation kinetics of the gelatin coating (linked to the crosslinking method used) and with the kinetics of formation of HA, a quantitative analysis of these factors to control icariin release remains a subject of future research.Fig. 5Cumulative release concentration of icariin from EDC/NHS crosslinked scaffolds.Fig. 5Fig. 6Cumulative release concentrations of icariin, G and G/CA from CA crosslinked scaffolds.Fig. 6

4. Conclusion {#sec4}
=============

Bioactive glass based scaffolds were significantly reinforced by gelatin-coatings, considering both gelatin types (A, B). Furthermore, loading with icariin was shown to enhance the mineralization (formation of HA), as revealed by SEM observations and FTIR measurements. Additionally, different crosslinking methods resulted in different release profiles of icariin. Sustained release profiles for *G*+*50I, G*+*100I, GA/CA/I* and *GB/CA/I* scaffolds were observed, which confirm the dual effect of the gelatin coating imparting mechanical property improvement and drug delivery function, similarly to recent results in literature on composite scaffolds \[[@bib37]\]. However, further investigations should be carried out to quantify the long-term release of the drug as function of crosslinking method.
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